RNA-binding proteins (RBPs) are emerging as important effectors of the cellular DNA damage response (DDR). Implicated in RNA metabolism and DNA repair, the RBP Fused-in-sarcoma (FUS) contains a prion-like domain (PLD) and undergoes reversible phase separation. Here, we report that liquid-liquid phase separation (LLPS) occurs at DNA damage foci and is necessary for the efficient recruitment of key DDR factors. We show that FUS co-purifies with the DDR factor KU and with SFPQ, another PLD-containing RBP implicated in DNA repair.
Introduction
Despite evolution requiring genetic variability, DNA mutations are a threat for the survival of the individual. Unrepaired DNA damage can lead to genome instability, a hallmark of cancer cells. To maintain genome stability and to counteract DNA damage, cells have evolved a complex cellular response, commonly referred to as DNA damage response (DDR). The early DDR events have been best elucidated at sites of DNA double strand breaks (DSBs), which are the most dangerous type of DNA lesions. After occurrence of a DSB, the sensor protein kinases DNA-PK (DNA-dependent protein kinase), ATM (ataxia telangiectasia mutated), and ATR (ATM and Rad3 related) are rapidly activated, and the KU70/KU80 (XRCC6/XRCC5) heterodimer is recruited to the broken DNA ends. Phosphorylation of the histone variant H2AX (known as γH2AX) by ATM serves as an early mark of DNA damage and as a platform for the recruitment of early DDR factors such as MDC1, and the MRN complex (consisting of MRE11, NBS1 and RAD50) (Stucki and Jackson, 2006) . In mammalian cells, the accumulation of DDR factors at sites of DNA damage gives rise to subnuclear foci that can be readily visualised microscopically. In mammals, DSBs are eventually repaired via two main pathways depending on the cell cycle phase: homologous recombination (HR) that repairs DSBs in S and G2 phases, and non-homologous end joining (NHEJ), which is active throughout the entire cell cycle.
In addition to these canonical DDR factors, large-scale proteomic and genomic studies have identified several RNA-binding proteins (RBPs) as potential novel DDR factors, either as targets of the apical DDR kinases (Matsuoka et al., 2007) or as proteins that when lost lead to activation of the DDR (Paulsen et al., 2009) . RBPs have been shown to contribute both directly and indirectly to genome stability. For example, the loss of pre-mRNA splicing or mRNA export factors can favour the accumulation of RNA:DNA hybrids (R-loops) that can be processed to DSBs (Chuang et al., 2019; . In addition, an increasing number of studies have shown that several RBPs are recruited to sites of DNA damage and participate in DSB repair (Mikolaskova et al., 2018) .
The multifunctional DNA/RNA-binding protein Fused-in-sarcoma (FUS) is involved in splicing, translation, and mRNA transport (Dormann and Haass, 2013) . Both in vivo and in vitro observations point towards a role for FUS in maintaining genome stability. Mice lacking FUS are hypersensitive to ionising radiation (IR), show defects in spermatogenesis, and high levels of chromosomal instability (Hicks et al., 2000; Kuroda et al., 2000) . In vitro, FUS stimulates the formation of DNA loops (D-loops) between complementary DNA molecules, structures that correspond to one of the first steps in HR (Baechtold et al., 1999) . cells, FUS is recruited very early at sites of DNA damage (Aleksandrov et al., 2018; Mastrocola et al., 2013) and its silencing leads to an impairment of DSB repair both by HR and NHEJ (Mastrocola et al., 2013; Wang et al., 2013) . In addition, FUS is an ATM and DNA-PK substrate (Deng et al., 2014; Gardiner et al., 2008) .
The N-terminal region of FUS (residues 1-165) is a highly conserved prion-like domain (PLD) composed primarily of serine, tyrosine, glycine, and glutamine (QGSY-rich) . This domain mediates protein:protein interactions and drives the aggregation of FUS into protein inclusions (Sun et al., 2011) . Several studies have shown that the PLD of FUS undergoes a reversible dynamic phase transition between a disperse state, liquid droplets and hydrogels (Kato et al., 2012; Murakami et al., 2015; Patel et al., 2015) . FUS liquid-liquid phase separation (LLPS) occurs both in vivo and in vitro at physiological concentrations (Burke et al., 2015; Murakami et al., 2015) .
It is increasingly recognised that LLPS provides a molecular basis for the formation of subcellular membrane-less organelles such as nucleoli, Cajal bodies, paraspeckles, and stress granules (Boeynaems et al., 2018) . Paraspeckles are subnuclear compartments of poorly characterised function that assemble on the lncRNA NEAT1, which induces phase separation of four core RBPs: SFPQ, NONO, FUS and RBM14 (Hirose et al., 2019) . Interestingly, all these proteins contain PLDs of variable length (Harrison and Shorter, 2017) . The PLDs of FUS and RBM14 are required for in vitro phase separation and in vivo paraspeckle formation (Hennig et al., 2015) . Interestingly, similarly to FUS, also SFPQ, its paralog NONO, and RBM14 are RBPs implicated in DNA repair. SFPQ silencing was reported to render cells sensitive to DNA crosslinking and alkylating agents, and to reduce DSB repair by HR (Rajesh et al. 2011) . SFPQ has DNA re-annealing and strand-invasion activity that may lead to the formation of D-loop structures (Akhmedov and Lopez, 2000) . In addition, SFPQ, NONO, and RBM14 also promote NHEJ (Bladen et al., 2005; Jaafar et al., 2017; Simon et al., 2017) .
Despite all the observations implicating RBPs such as FUS and SFPQ in DNA damage repair, their precise molecular function remains to be fully elucidated. Here, we report that LLPS occurs at DNA damage foci and is necessary for the efficient recruitment of key DDR factors. LLPS is also required for the efficient recruitment of FUS. We show that FUS is required for the efficient retention of the KU80 subunit on damaged DNA, and the correct recruitment of NBS1 and SFPQ. Importantly, we demonstrate that the recruitment of KU80 and of SFPQ is dependent on FUS-induced LLPS. Overall, these findings highlight an important early role of FUS in the recruitment of key DDR factors and in promoting LLPS at DNA damage sites.
Results

FUS knock-out sensitises human cells to DNA damage and induces R-loop formation
Recent studies reported that siRNA-mediated silencing of FUS leads to an accumulation of transcription-associated DNA damage (Hill et al., 2016) .To further characterise the role of FUS in genome stability, we generated HeLa cells in which the FUS gene was knocked-out (FUS-KO) by CRISPR-trap genome editing (Reber et al., 2018) . Western blot analysis showed a substantial increase in the level of H2AX in FUS-KO cells, while in control cells the phosphorylation of H2AX was almost undetectable ( Figure 1A ). In addition, immunofluorescence analyses revealed that FUS-KO cells show increased formation of γH2AX foci ( Figure 1B) . Similarly, the knockdown of FUS in SH-SY5Y also increased the levels of γH2AX (Suppl. Figure 1A) . These observations suggest that, in the absence of FUS, cells either generate more DNA damage or they repair DNA damage less efficiently. Indeed, HeLa FUS-KO cells, when complemented with exogenous Flag-tagged FUS, displayed a reduced number of H2AX foci (Suppl. Figure 1B) , demonstrating that FUS is essential for the maintenance of a low level of endogenous DNA damage.
In addition, we observed that FUS-KO cells proliferate slower than wild type cells and indeed, cell cycle analysis showed that a significantly higher fraction of FUS-KO cells accumulated in the G2/M phase when compared to wild type cells ( Figure 1C and Supp. Figure   1C ).
Next, we determined whether the knockout of FUS altered the cells susceptibility to DNA damage by performing clonogenic survival assays with wild type versus FUS-KO HeLa cells after exposure for 18 h to etoposide (ETO), a DNA topoisomerase II inhibitor that causes double strand breaks (DSBs). Given that HeLa FUS-KO are slower to proliferate, the colonies they formed were smaller than wild type colonies. We observed that HeLa FUS-KO were more sensitive to ETO exposure giving raise to fewer colonies than wild type cells ( Figure 1D ). The increased sensitivity to genotoxic stress of HeLa FUS-KO cells was further confirmed by a cell viability assay (MTT assay, Figure 1E ) indicating that FUS contributes to cell viability upon genotoxic stress.
Depletion of RNA biogenesis factors such as SRSF1 and Y14/RBM8A was shown to favour the accumulation of RNA:DNA hybrids (R-loops) and resulted in R-loop-dependent genomic instability (Chuang et al., 2019; Wahba et al., 2011) . We thus measured R-loop levels in HeLa wild type and FUS-KO cells by confocal microscopy using the S9.6 monoclonal antibody that specifically recognises RNA:DNA hybrids (Boguslawski et al., 1986) . FUS-KO cells showed a 1.5-fold increase in the nuclear S9.6 signal. (Figure 2A ).
The increase in the R-loop formation was confirmed by dot-blot analysis (Supp. Figure 2A ). This observation suggests that the activation of the DDR observed in FUS-KO cells could be, at least in part, due to the processing of the abnormal RNA:DNA hybrids. To test this hypothesis, wild type and FUS-KO cells were transiently transfected with either a plasmid expressing only GFP or RNase H1-GFP. RNase H1 overexpression in FUS-KO cells decreased both the number of γH2AX foci and the intensity of the γH2AX signal ( Figure 2B ). To confirm these results, we generated HeLa wild type and HeLa FUS-KO cells stably expressing exogenous doxycycline-inducible HA-tagged RNase H1-M27 (here denominated WT/RNH1 and KO/RNH1, respectively). RNase H1-M27 is a mutant RNase H1 which is exclusively expressed in the nucleus due to a lack of the mitochondrial localisation signal (Cerritelli et al., 2003) . As the inducible lines showed already a basal expression in the absence of doxycycline, this allowed us to perform the experiments without induction (Supp. Figure 2B ), thereby preventing RNase H1 overexpression-induced toxicity, which was observed by others (Shen et al., 2017) . The overexpression of RNase H1 in KO/RNH1 cells resulted in a 1.6-fold decrease in R-loops content ( Figure 2C ), a 1.4-fold reduction in the number of γH2AX foci (Figure 2 D), and in a reduction of H2AX phosphorylation levels ( Figure 2E ). Overall, these observations suggest that the DNA damage observed in the absence of FUS is due at least in part to the accumulation of R-loops that are processed to DSBs. An alternative possibility, however, is that RNAse H1 is directly involved in DSB repair and thus its overexpression facilitates the repair, similar to what was observed in Schizosaccharomyces pombe (Ohle et al., 2016) .
FUS knock-out affects ATM-dependent signalling and recruitment of DDR factors
Next, we asked whether FUS could be directly involved in DDR signalling. HeLa wild type and FUS-KO cells were treated with ETO for 1 h and then allowed to recover in ETO-free medium for 2 h ( Figure 3A ). As expected, Western blot analysis of cell extracts showed an increased phosphorylation of ATM, CHK2, BRCA1, and TRIM28, in addition to increased levels of γH2AX after ETO treatment in both cell lines. However, we observed a persistent phosphorylation of all these proteins after 2 h recovery from the ETO treatment in FUS-KO cells, when compared to WT cells ( Figure 3A) . These observations show that the activation of the DDR occurs normally in the absence of FUS, but that DNA damage signalling persists longer after the release from the genotoxic treatment. Thus, we concluded that cells lacking FUS either generate more DNA damage than WT cells upon ETO treatment, or they repair the DNA damage much less efficiently, or both.
To further explore the role of FUS in the DDR, we investigated whether the absence of FUS affects the recruitment of DDR factors at sites of DNA damage after 1 h ETO treatment, and after 2 h recovery. As shown in Figure 3B , after 1 h ETO we observed the same number of γH2AX foci in wild type and FUS-KO cells, indicating that the absence of FUS does not prevent the initial sensing of DSBs. However, after 2 h recovery from ETO, FUS-KO cells have more γH2AX foci than wild type cells, which indicates that while wild type cells initiate to repair the DNA damage, FUS-KO accumulates it for longer. Moreover, after 1 h ETO, FUS-KO cells showed significantly less 53BP1 foci than wild type cells. Interestingly, 53BP1 foci formation was restored 2 h after recovery, suggesting that FUS is required very early in the DDR, but its presence is not required at later time points.
To evaluate the impact of FUS depletion on DSB repair we used U2OS cells stably transfected with GFP reporter constructs that allow the measurement of HR and NHEJmediated repair (Gunn and Stark, 2012) . The constructs are based on an engineered GFP gene containing recognition sites for the I-SceI endonuclease for induction of DSBs. The starting constructs are GFP negative as the GFP gene is inactivated by an additional exon, or by mutations. Successful repair of the I-SceI-induced breaks by NHEJ or HR restores the functional GFP gene. The number of GFP positive cells, as counted by flow cytometry, provides a quantitative measure of the NHEJ or HR efficiency. Depletion of FUS by RNAi affected NHEJ repair in a manner similar to the depletion of KU80, one of the two subunits of the KU heterodimer that binds the broken ends of DNA fragments ( Figure 3D ). Co-depletion of both proteins resulted in an even stronger impairment of the repair pathway. Depletion of FUS also compromised HR efficiency, similar to the effect seen upon depletion of TOPBP1.
Also in this case, the concomitant depletion of both proteins showed an additive effect. These results are consistent with previous reports (Mastrocola et al., 2013; Wang et al., 2013) and highlight an important early role of FUS in DSB repair.
To gain insight in the molecular function of FUS during the early DDR events, we then analysed the recruitment kinetics at DSBs of two apical DDR factors, the 80 kDa subunit of the KU heterodimer, and NBS1, one of the subunits of the MRN complex. WT and FUS-KO cells were transiently transfected with GFP-tagged KU80 or GFP-NBS1 plasmids and were then subjected to laser microirradiation to induce a time-specific and localised DNA damage (Suppl. Figure 3A) . Real time recording revealed that, in wild type cells, KU80 reached a peak of recruitment to the site of DNA damage within 5 s after microirradiation, remaining there until the end of the assessment (180 s) ( Figure 3E and Suppl. Figure 3B ). In FUS-KO cells, KU80 showed similar recruitment kinetics but its accumulation was severely impaired. In contrast, upon laser microirradiation, NBS1 showed slower recruitment kinetics, reaching a peak after about 130 s from the microirradiation ( Figure 3F and Supp. Figure 3C ). However, in the absence of FUS, NBS1 was more efficiently recruited when compared to wild type cells.
Finally, we monitored the recruitment of GFP-53BP1, a DDR effector required for NHEJ. Consistent with the delayed appearance of 53BP1 foci in FUS-KO cells upon ETO treatment, the recruitment of GFP-53BP1 was also delayed and reduced ( Figure 3G and Supp. Figure 3D ). Overall, these observations demonstrate that FUS plays an apical role in DDR activation, in particular in recruitment of KU80 at DNA broken ends. In addition, our results suggest that, when stable KU80 binding is impaired, MRN can more effectively gain access to the DNA ends.
Proteomic characterisation of the FUS interactome
We reported earlier the interactome analysis of FUS (Reber et al., 2016) . Interestingly, among the FUS interactors, we noticed a substantial number of proteins that are involved in the DDR according to Gene Ontology (GO) analysis, including PARP1/2, XRCC6/KU70 and XRCC5/KU80. Thus, to clarify the role that FUS exerts in the DDR, we sought to determine whether the interactome of FUS changes upon DNA damage. We applied a label-free quantitative mass spectrometry (MS) approach to identify and relatively quantify FUSinteracting proteins whose binding affinity changes upon ETO treatment. HEK293T cells stably expressing Flag-tagged FUS were treated with 10 μM ETO for 1 h. Two biological replicates of the experiment were performed, and only proteins quantified in both experiments were retained for further analysis. The results of the MS analysis are reported in a volcano plot ( Figure 4A ). The proteins with a fold change of at least 1.3 and a corrected p-value <0.05 were considered significantly changing in the non-treated and the ETO-treated cells.
Surprisingly, ETO treatment did not enhance the affinity for FUS of most of the DDRrelated proteins that we had identified in our original interactome analysis (Reber et al., 2016) .
From the quantitative analysis, however, we identified a small subset of proteins whose abundance was reduced (Supp . Table 1 ) and a larger group of interactors, which were more represented in the ETO-treated samples (Supp. Table 2 ). GO enrichment analysis of this dataset showed a significant enrichment for nucleic acids-binding proteins, and in particular for RNAbinding proteins participating in ribonucleoprotein complexes and pre-mRNA splicing ( Figure   4B ). Interestingly, some of these RNA-binding proteins are linked to R-loop homeostasis (DHX9, NONO, SFPQ, (Chakraborty et al., 2018; Cristini et al., 2018; Petti et al., 2019) ), to the DDR (ILF2, MATR3, NONO, SFPQ, (Marchesini et al., 2017; Salton et al., 2010) ) or were found mutated in ALS (HNRNP A2B1, MATR3, (Chia et al., 2018) ). We validated a subset of the interactors by co-immmunoprecipitating endogenous proteins in the presence of RNase A ( Figure 4C ). Interestingly, in these conditions FUS predominantly interacts with the shorter hnRNP A2 isoform.
To determine whether FUS and a subset of its interactors form distinct complexes we performed size-fractionation chromatography of Flag-FUS immunoprecipitates ( Figure 4D ).
As expected in the context of a Flag-FUS immunoprecipitation, FUS was detected throughout the gradient with peak intensities around its own MW (fractions 18-20) and at very high MW, in fractions 1 and 2 and. In these fractions, FUS is present in a complex containing also DHX9, ILF2, and MATR3. DHX9 and MATR3 co-eluted with FUS also between fractions 11 and 14.
The heterodimer SFPQ/NONO was detected in two peaks corresponding to fractions 1-4 and fractions 12-15, thus overlapping with both DHX9 and MATR3 (data not shown and Figure   4E , respectively). In contrast, hnRNP A2/B1 showed a very different distribution ( Figure 4D ).
Two major isoforms of this protein have been described, the large isoform of 37.4 kDa (isoform B1) and the smaller isoform A2 of 36 kDa. While B1 was distributed in fractions 2-6, A2 that was predominantly present in fractions 20-22. Finally, ALY/REF was exclusively present in fractions 16-1 ( Figure 4D ). These data suggest the presence of at least four distinct types of FUS-containing complexes.
To determine whether the association of FUS with different interactors changed upon genotoxic treatment, we then performed size-fractionation chromatography of Flag-FUS immunoprecipitates prepared from HEK293 cells that had been treated with either vehicle or 10 µM ETO for 1 h. Comparison of the elution profiles showed that DHX9 and XRCC5 were the only two interactors that shifted their distribution upon ETO treatment. DHX9 shifted the peak intensity from fractions 8-10 to fractions 13-15, while XRCC5 shifted to higher MW complexes ( Figure 4E ).
Finally, we tested if the interaction between FUS and two of the RBPs involved in the DDR (SFPQ and MATR3) could play a functional role in DSB damage repair. To this end, we assessed the effect of a double knockdown on DSB repair using the GFP-reporter constructs 
FUS promotes the recruitment of SFPQ to sites of DNA damage
To test whether a hierarchical relationship between FUS and SFPQ in DSB repair exists, we compared SFPQ recruitment to laser-induced DNA damage sites in HeLa wild type and FUS-KO cells ( Figure 5A ). GFP-SFPQ recruitment kinetics in wild type cells was consistent with what has been reported for the SFPQ/NONO heterodimer (Kuhnert et al., 2012) . GFP-SFPQ was first detected approximately 20 s after irradiation and reached a maximum after 100 s then slowly declining (Suppl. Figure 5) . Strikingly, the recruitment of SFPQ to DSBs in FUS-KO cells was both severely delayed and impaired. This data reveals that the recruitment of SFPQ to DSB sites is FUS-dependent.
As FUS and SFPQ are both core components of paraspeckles and contain prion-like domains that were shown to liquid:liquid phase separate (LLPS) (Yamazaki et al., 2018) , we hypothesised that LLPS could play a role in their recruitment at laser-induced DNA damage sites. We initially tested this hypothesis by exposing HeLa cells to 1,6-hexanediol (1,6-HD), an aliphatic alcohol that is known to dissolve various cytoplasmic and nuclear membrane-less compartments in vivo (Kroschwald et al., 2015; Lin et al., 2016; Updike et al., 2011; Yamazaki et al., 2018) , and which was shown to partially dissolve FUS polymers in vitro (Lin et al., 2016) . We incubated HeLa cells transiently transfected with GFP-FUS for 10 minutes with 2% 1,6-HD prior to laser microirradiation. At this concentration, we observed that cells were able to recover their normal morphology 2 h after withdrawal from the alcohol (Supp. Figure 4A) and Cajal Bodies were only partially disrupted, while nuclear speckles were very little affected (as shown by anti-coilin and anti-SC35 staining, Supp. Figure 4B ). Hence, 1,6-HD condition used here was mild enough not to disrupt all subcellular structures. As control, we performed the same experiment in the presence of 2% 2,5 hexanediol (2,5-HD) an aliphatic alcohol that does not affect phase-separated structures (Lin et al., 2016) . We observed a 1.4x reduction in FUS recruitment upon incubation with 1,6-HD, but not in the presence of 2,5-HD ( Figure 5B ).
This effect was even more dramatic in the case of SFPQ ( Figure 5C ), in which the recruitment was 4.5x smaller upon 1,6-HD incubation. Overall, these results suggest that LLPS occurs at sites of DNA damage and is required for the efficient recruitment of both FUS and SFPQ.
Since our data suggested that efficient SFPQ recruitment requires FUS, and FUS is able to drive LLPS at low protein concentrations and physiological salt concentrations (Wang et al., 2018) , we next asked whether SFPQ recruitment at DNA damage sites is dependent on FUSinduced LLPS. To test this hypothesis, we took advantage of some of the LLPS mutant FUS proteins characterised by Wang and colleagues (Wang et al., 2018) . We tested the FUS Y/S (Y →S) and R/K (R→K) variants that strongly affect phase separation, and the FUS Q/G (PLD Q →G) variant that has instead shown to affect the hardening of droplets (Wang et al., 2018) .
These FUS proteins were transiently transfected as mCherry fusions in HeLa FUS-KO cells.
As shown in Figure 5D , the recruitment at DNA damage sites was very similar for FUS WT and for the FUS Q/G variant. In contrast, the FUS Y/S and R/K variants were significantly less recruited than the FUS WT was.
Next, we tested the effect of the expression of these FUS variants on the recruitment of GFP-SFPQ. To this end, HeLa FUS-KO cells were transiently co-transfected with plasmids expressing GFP-SFPQ and one of the mCherry-FUS proteins (WT, or Y/S, or Q/G, or R/K).
As shown in Figure 5E , while complementation of FUS-KO cells with the FUS WT or the FUS Q/G variant was able to rescue SFPQ recruitment, expression of the FUS Y/S variant did not improve SFPQ recruitment at laser induced DNA damage site. Interestingly, in the presence of the R/K variant, SFPQ was initially recruited but was then released from the DSB sites much faster. Overall, these observations implicate a requirement for FUS-driven LLPS for the efficient recruitment and retention of SFPQ at sites of DNA damage. This conclusion is further supported by the observation that FUS recruitment at sites of DNA damage precedes SFPQ (Supp. Figure 5 ).
Liquid-liquid phase separation is required to maintain the integrity of DNA damage foci
Based on our results, we speculated that the structural basis of DDR foci might involve some form of phase separation. We first tested this hypothesis by exposing HeLa cells to 10 µM ETO with or without 2% 1,6-HD for 30 minutes. After fixation, cells were stained with γH2AX or 53BP1 antibodies to assess DDR foci formation, and with coilin antibody to visualise Cajal bodies ( Figure 6A ). As shown in Figure 6B and 6C, 2% 1,6-HD treatment severely impaired the formation of γH2AX. In contrast, 53BP1 foci and Cajal bodies were only partially dissolved ( Figure 6D ). In addition to compromising foci integrity, 1,6-HD treatment also strongly affected DDR signalling, reducing phosphorylation of ATM, H2AX and TRIM28 ( Figure 6E ).
Next, we sought to determine whether LLPS plays a role in the recruitment of DDR factors at sites of DNA damage. To this end, we first determined the effect of the aliphatic alcohols on the recruitment of GFP-KU80 and GFP-NBS1 ( Figure 6F and 6G, respectively) observing a reduction in the recruitment of both DDR factors in the presence of 1,6-HD.
Finally, we tested the effect of the expression of FUS LLPS-deficient variants on the recruitment of KU80. As shown in Figure 6H , while complementation of HeLa FUS-KO cells with WT mCherry-FUS restored efficient retention of KU80, the expression of the FUS variants did not rescue KU80 levels at sites of laser-induced DNA damage. Overall, our data demonstrate a requirement of FUS-driven LLPS for the stable association of KU80 to DNA damage sites.
Discussion
Although FUS has already been implicated in DNA damage repair (Mastrocola et al., 2013; Singatulina et al., 2019; Wang et al., 2013) , its precise molecular function in this process remains to be established. Here, we highlight an important early role of FUS in the recruitment of key DDR factors and in promoting LLPS at DNA damage sites.
To shed light on the multiple biological roles of FUS we generated a HeLa knock-out cell line. We observed that FUS knock-out (FUS-KO) cells display an accumulation of R-loops and a hyperphosphorylation of H2AX, a well-established marker of DSBs. Consistent with these observations FUS KO cells were also arrested in G2/M (Sollier et al., 2014) . We and others have reported that FUS plays important functions in transcription and pre-mRNA splicing by binding along the whole length of the nascent RNA (Reber et al., 2016; Rogelj et al., 2012; Yamaguchi and Takanashi, 2016; Yu and Reed, 2015) . Thus, similar to other pre-mRNA splicing (Chuang et al., 2019; and 3' end processing factors (Stirling et al., 2012) , FUS most likely prevents the aberrant pairing of the nascent RNA to the template DNA strand, thereby reducing the formation of co-transcriptional R-loops that can be processed to DSBs (Sollier et al., 2014) . Consistent with this hypothesis we observed that the overexpression of RNase H1 in FUS-KO cells (and the consequent reduction in the accumulation of R-loops) also caused a general reduction in the phosphorylation of H2AX.
Besides accumulating R-loops and basal DNA damage, the knockout of FUS also sensitised cells to genotoxic damage induced by treatment with etoposide (an inhibitor of the topoisomerase II), and inhibited cell proliferation suggesting that FUS could play a direct role in DNA damage repair. This idea was confirmed by the characterisation of the DDR that revealed that FUS-KO cells show a persistent activation of DDR signalling after ETO treatment and delayed the formation of 53BP1 foci.
To shed light on the specific function of FUS in DNA repair, we performed a quantitative mass spectrometry characterisation of FUS interacting proteins in etoposidetreated cells. We identified several DDR factors including KU80. Importantly, we found that FUS is required for the retention of the DSB sensor KU at sites of DNA damage. Interestingly, we observed that in FUS KO cells where retention of KU is impaired, the recruitment of NBS1, one of the three subunits of the MRN complex, was increased by more than 50%. These observations are consistent with the idea that, due to its high abundance and strong affinity for DNA, KU80 is the first DDR factor that binds to the DNA broken ends irrespective of the cell cycle phase (Shibata et al., 2018) . Whenever HR repair is occurring, the KU70/80 heterodimer will be then removed to allow MRN-dependent end resection to occur. Indeed, recent studies provide evidence that KU80 can be removed by the endonucleolytic activity of the MRN complex (Chanut et al., 2016; Myler et al., 2017) . Therefore, in the absence of FUS, KU is recruited first but is not efficiently retained so that the MRN complex can successfully compete for the binding to the broken DNA ends. However, this is not sufficient for efficient repair since we and others have demonstrated that the silencing of FUS affects both HR and NHEJmediated repair ( Figure 4F and 4G (Mastrocola et al., 2013; Wang et al., 2013) ).
A further observation that emerged from the MS experiments is that many FUS interactors are RNA-binding proteins with low complexity domains (LC), several of which have already been directly implicated in DNA damage repair (Table 1 ). The LC domains of RNA binding proteins participate in the formation of liquid-like droplets and in phase separation (Lin et al., 2016; Molliex et al., 2015) . Indeed, several of the FUS interactors were shown to phase separate (Wang et al., 2018) . Among the FUS interactors previously implicated in DNA damage repair, we found SFPQ. SFPQ belongs to the Drosophila behaviour/human splicing (DBHS) protein family together with NONO and PSPC1. DBHS proteins share a common region constituted by two RRMs a conserved region called NonA/paraspeckle domain (NOPS), and a C-terminal coiled-coil domain. In addition, each DBHS protein contains LC sequences of variable length. DBHS proteins are obligatory dimers and can form homo-and heterodimers that can polymerise, forming fibrillary gel-like networks . SFPQ, NONO and FUS are among the essential components of paraspeckles (Naganuma et al., 2012) .
Paraspeckles are subnuclear membrane-less organelles that form via the polymerisation of SFPQ and NONO on the lncRNA NEAT1 and the subsequent LLPS induced by the recruitment of FUS and RBM14 (Hirose et al., 2019) .
Consistent with a recent report by Pessina et al. we show that LLPS occurs at H2AX
foci and is required for activation of the DDR (Pessina et al., 2019) . Moreover, our results indicate that FUS, together with SFPQ, contributes to the recruitment of DDR proteins at sites of DNA damage by promoting LLPS. Three lines of evidence support this idea. First, like LLPS-formed Cajal bodies and paraspeckles (Yamazaki et al., 2018) , γH2AX foci were sensitive to the aliphatic alcohol 1,6-hexanediol treatment ( Figure 6B and 6C) . Second, inhibition of LLPS impaired the recruitment of FUS, SFPQ, KU80 and NBS1, and affected DDR signalling ( Figure 6D ). Third, the absence of FUS or the expression of FUS variants that do not phase separate impaired the recruitment of SFPQ ( Figure 5E ) and of KU80 ( Figure 6H ).
The idea that KU, FUS and SFPQ/NONO form a complex is supported by several recent reports (Abbasi and Schild-Poulter, 2018; Morchikh et al., 2017) .
Based on these observations, we propose that FUS accumulates at DSBs and undergoes LLPS. The concomitant presence of active RNA polymerase II and newly transcribed RNA suggested by other studies (Francia et al., 2012; Michelini et al., 2017; Ohle et al., 2016; Pessina et al., 2019) could stimulate this transition. Phase-separated FUS subsequently recruits SFPQ/NONO and possibly other RBPs stabilising the binding of the KU heterodimer at DNA damage sites.
Methods
Cell lines, cell culture and treatments
HEK293T cells stably expressing Flag-tagged FUS and HeLa FUS-KO are described in (Reber et al., 2016) . U2OS cells stably expressing HR and NHEJ repair reporter were a kind gift J.M.
Stark and are described in (Gunn and Stark, 2012) . HeLa WT RNASEH1 and HeLa FUS-KO RNASEH1 lines were generated by lentiviral infection with TetO-RNASEH1-M27-HA-IRES-GFP in which the RNase H1-M27 gene is under the control of an inducible tet-ON system and is in frame with an HA tag. All cell lines were tested for mycoplasma contamination and negative.
Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM High Glucose, Euroclone) supplemented with 10% Foetal Bovine Serum (EuroClone), 2 mM L-Glutamine (EuroClone) 100 IU/ml Penicillin (Euroclone) and 0.1 mg/ml Streptomycin (Euroclone); cells were growth at 37°C and 5% of CO2. The cell lines transduced with the inducible expression system were cultured in the same conditions but certified Tetracycline-free FBS (Euroclone) was used in order to avoid activation of RNase H1 expression.
Etoposide treatment (ETO) was performed for 1 h with 10 μM diluted in DMSO (Enzo Lifesciences). Where specified, cells were treated with either 2% 1,6-Hexanediol (1,6-HD, diluted in growth medium, Sigma-Aldrich) or 2% 2,5-Hexanediol (2,5-HD, diluted in growth medium, Sigma Aldrich) for 30 minutes.
Plasmid DNA was transfected using Lipofectamine 2000 (Invitrogen) while for siRNA transfection Lipofectamine RNAiMAX (Invitrogen) was used, according to the manufacturer's instructions. The synthetic siRNAs used in this study were purchased from Riboxx Life Sciences GmbH (Germany).
Cell cycle analysis
To determine cell-cycle distribution, cells were fixed with ice-cold 70% ethanol, incubated for 2 h with RNase A (250 μg/ml) and propidium iodide (10 μg/ml) at room temperature and analysed by flow cytometry using a CytoFLEX (Beckman Coulter).
Clonogenic Assay
100 wild type and HeLa FUS-KO cells were seeded per well in a 6-wells plate. After attachment, cells were treated with increasing concentrations of etoposide (DMSO, 0.1, 1, 10, 100 µM) for 18 h. After etoposide removal, cells were allowed to proliferate for 7 days, fixed and stained with crystal violet (Sigma-Aldrich) in 20% methanol for 2 h. The number of cell colonies was counted using an inverted bright field microscope.
MTT Assay
HeLa WT and FUS-KO cells were seeded at a concentration of 8 x 10 3 cells/well in 96-wells plates. Cells were allowed to attach and were then treated with increasing concentrations of etoposide (DMSO, 0.1, 1, 10, 100 µM) for 18 h. The medium was then replaced with a solution of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich) to a final concentration of 50 µg/ml in culture medium. Cells were incubated with the MTT solution for 4 h. The MTT solution was then removed and cells were lysed in 100 µl DMSO before reading the absorbance using a multiwell VictorX spectrophotometer (Perkin-Elmer).
DNA constructs
The lentiviral expression vector encoding the C-terminally HA tagged-RNASEH1 was generated as follows: annealed and phosphorylated oligonucleotides encoding BsmBI -BamHI restriction sites and 6 x GLY linker-HA tag followed by the stop codon TAG were The final vector was verified by restriction digestion and sequencing with Sanger method. NBS1-GFP was kindly provided by Dr. Nussenzweig (Kruhlak et al., 2006) . KU80-EGFP was purchased from AddGene. pEGFP-M27-H1 was kindly provided by Dr. S. Cerritelli (Cerritelli et al., 2003) . SFPQ-EGFP was generated by subcloning the SFPQ ORF obtained from the Myc-PSF-WT plasmid (Addgene). The FUS-EGFP plasmid was generated by the FUS ORF into pcDNA6F-EGFP. FUS-mCherry plasmids (WT, RK, YS and QG) were kindly provided by Dr.S.
Alberti (Wang et al., 2018) . All oligonucleotides used in this study are listed in the Supplementary   Table 3 .
Immunoprecipitations and Immunoblotting
For co-immunoprecipitation, all steps were carried out at 4°C. Lysis were performed with a Mild Buffer 150 (25mM Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA, 0.5% NP-40, 2.5% Glycerol) for 30min, then the lysate were centrifuged for 15 min at 16,100g and the supernatant was recovered and quantified by BCA (according to manufacturer protocol). Then, 1 mg of proteins were diluted in Mild Buffer 0 (25 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.5% NP-40, 2.5% Glycerol) to a final concentration of 100 mM NaCl. The lysate was pre-cleaned with 200 µl Protein A Sepharose (GE Healthcare) for 1:30 h on wheel. The pre-cleaned lysate was incubated with the primary antibody on wheel for 1 h and incubated with 200 µl of Protein A Sepharose for further 2 h. Samples were eluted with Laemmli Buffer and fractionated on SDS-PAGE. Quantification of western blots was performed by using the ImageLab software (ChemiDoc, BioRad) . Antibodies used in the study are listed in Supplementary Table 4 .
Immunofluorescence
Cells were fixed with PFA 4% at RT for 15 min and, after 3 washes with PBS, permeabilised with Triton-X100 0.25% for 5 min. Permeabilised cells were blocked in blocking solution (20% FBS, 0.05% Tween in PBS) for 1 h. Primary antibodies were appropriately diluted in wash buffer (0.2% BSA in PBS) and incubated for 1 h. After 3 washes with wash buffer, cells were incubated with the respective secondary antibodies (diluted in wash buffer) for 1 h. After 3 washes with wash buffer, cells were counterstained with DAPI (Sigma Aldrich) diluted in PBS for 10 min. Coverslips were washed and mounted onto microscope slides using an antifade mounting medium (FluorSave, Calbiochem). For S9.6 staining, cells were fixed with ice-cold methanol (for 10 min at -20°C) and, after 3 washes with PBS, permeabilised with acetone for 1 min. Permeabilised cells where blocked with 3% BSA, 0.1% Tween and 4X SSC Buffer in water for 1 h. Primary antibodies (α-S9.6 and α-Nucleolin) were diluted in blocking solution and cells were incubated at RT for 1:30 h. After 3 washes in wash buffer, cells were incubated in secondary antibodies (diluted in blocking solution) for 1 h. After 3 washes in wash buffer, cells were counterstained with DAPI and mounted onto slides as described above. All antibodies used in the present study are listed in Supplementary Table 4 .
Imaging and quantification
Cell imaging was performed using a confocal microscope ECLIPSE -Ti A1 (Nikon). Between 6-10 images were taken per coverslip, using the 60x objective. Quantification of DNA damage foci (γH2AX, 53BP1), subnuclear bodies (Cajal bodies and nuclear speckles) and fluorescence intensity (S9.6) was performed using the software Fiji ImageJ 2.0. At least 130 cells were counted per experiments, which were done in duplicates.
Laser microirradiation
HeLa WT and/or FUS-KO cells were transiently transfected with the appropriated GFP or mCherry-tagged plasmids two days before the irradiation. The following day, transfected cells were plated onto 35 mm plates with a glass bottom and allowed to attach overnight. 30min prior to irradiation, the cell medium was replaced by a phenol red-free medium, containing 0.5 µg/ml of Hoechst (Sigma-Aldrich). Three images were taken as baseline (pre-irradiation) and then cells were irradiated for 4 s using the 405 nm laser at 25% power. 
Immunoprecipitations for mass-spectrometric analysis
For mass spectrometry, etoposide-treated and control HEK293T FUS-Flag cells were lysed for 10 min on ice with hypotonic gentle lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 2 mM EDTA, 0.1% Triton X-100, 1x Halt Protease Inhibitor, 1x Phosphatase Inhibitors), followed by supplementation of NaCl to a final concentration of 150 mM, and further incubation on ice for 5 minutes. For the interactome analysis, 10 mM MgCl2 was added together with Benzonase 0.25 U/µl. The cleared lysates were incubated with anti-flag™ M2 Affinity Gel (Sigma Aldrich) for 1.5 h head over tail at 4 °C. The pellet was washed with NET-2 (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Triton-X-100) and eluted with the elution buffer (NET-2, 1x protease inhibitor, 1 mg/ml flag peptide).
Label-free Mass Spectrometry and size-exclusion chromatography
Proteins eluted from flag-matrix were digested in-solution with Lys-C and Trypsin using the FASP protocol (Filter Aided Sample Preparation, (Wisniewski, 2017) ), with spin ultrafiltration units of nominal molecular weight cut off of 10 kDa. The resulting peptide mixture was purified from the excess of salt and concentrated as previously described (Rappsilber et al., 2007) . Mass spectrometry analysis was performed by nano-liquid chromatography-tandem MS (nLC-ESI-MS/MS). Peptides separation was achieved on a linear gradient from 95% solvent A (2% ACN, 0.1% formic acid) to 40% solvent B (80% acetonitrile, 0.1% formic acid) over 1:30 h and from 40% to 100% solvent B in 2 min at a constant flow rate of 250 nl/min on UHPLC Easy-nLC 1000 (Thermo Scientific) using high pressure bomb loader. MS data were acquired using a data-dependent top10 method for HCD fragmentation. Survey full scan MS spectra (300-1750 Th) were acquired in the Orbitrap with 70000 resolution, AGC target 1e6, IT 120ms. For HCD spectra resolution was set to 35000, AGC target 1e5, IT 120ms; normalised Collision energy 25% and isolation width 3.0 m/z. Three technical replicates of each sample were injected. Raw data files were analysed with Andromeda (MaxQuant software environment version 1.5.2.8u) (Cox et al., 2011) using the following parameters: uniprot_cp_hum_2015_03 as protein database; oxidation (M) and Acetyl (Protein N-term) as variable modifications; carbamidomethyl (C) as fixed modifications; peptide false discovery rate (FDR) 0.01; maximum peptide posterior error probability (PEP) 1; protein FDR 0.01; minimum peptides 2, at least 1 unique; minimum length peptide 7 amino acids; trypsin specificity with up to 2 missed cleavages allowed. The lists of identified proteins were filtered to eliminate reverse hits and known contaminants. A minimum LFQ ratio count of two was considered and the "LFQ intensities". Only proteins identified in both replicates were selected for further analysis.
Statistical t-test analysis was performed using Perseus (version 1.5.1.6). For the statistical significance a Benjamini-Hochberg FDR of 0.05 was applied with a permutation test (500 randomisations).
For the size-exclusion chromatography, a separate immunoprecipitation was performed on protein lysates of HEK293T FUS-Flag cells treated and not treated with Etoposide; both treatment and immunoprecipitation were performed in same condition described above. The eluates were loaded in SuperoseTM 6 10/300 GL (GE Healthcare) gel-filtration column, installed on an AKTA FPLC system (GE Healthcare). The column was equilibrated with NET-2 buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Triton-X-100), and protein complexes were eluted from the column, using same buffer, at a maximum flow rate of 0.5 ml/min. Approximately 30 fractions were collected for the two immunoprecipitations (ETOP and DMSO), and each separate fraction was concentrated to a final volume of 50 µl with YM-10 Microcon filters (Millipore), reducing SDS-PAGE loading buffer was added and protein samples heat-denatured before Western blotting analysis. DSB repair assays were performed in DR-GFP or EJ5-GFP U2OS cell lines (Gunn and Stark, 2012) . Briefly, cells were transfected with siRNAs. Two days later cells were co-transfected with a plasmid expressing I-SceI (pCBA-I-SceI) together with appropriates siRNAs using Lipofectamine 2000 (Invitrogen). Cells were harvested after three days post transfection and subjected to flow cytometric analysis to identify and quantify GFP-positive cells (BD FACS Calibur, CellQuest software). The repair efficiency was scored as the percentage of GFPpositive cells; all data were normalised with a control siRNA treatment in each individual experiment. All co-authors provided discussion and data interpretation and contributed to the final version of the manuscript. A. Western blots were probed with anti-FUS and anti-γH2AX antibodies and anti-tubulin as loading control. Cells were subjected to laser microirradiation (405 laser) followed by live cell imaging using confocal microscopy. Curve graphs show fluorescence intensities of GFP-fusion proteins at the irradiated region that were quantified periodically (1 measurement per second for 180 s), normalised and presented as mean +/-SEM for 10 cells in each experiment. Experiments were performed in duplicate.
Statistical analysis
Figures and Tables
F. WT HeLa and HeLa FUS-KO cells were transiently transfected with a GFP-NBS1 expressing plasmid and subjected to laser microirradiation as in E (1 measurement per second for 180 s).
G. WT HeLa and HeLa FUS-KO cells were transiently transfected with a GFP-53BP1 expressing plasmid and subjected to laser microirradiation as in E (1 measurement every 5 minutes for 15 min). G. DSBs repair efficiency upon depletion of SFPQ/NONO was quantified as in F. Statistical analysis was performed by one-way ANOVA, which revealed a significant difference of HR repair (F3,16=5.46, p=0.009) and of NHEJ (F3,8=11.09, p=0.003). Data analysis was followed by Bonferroni post-hoc test. *p<0.05; **p<0.01; ***p<0.001. Figure 5 . SFPQ recruitment to DNA damage sites is dependent on FUS and on LLPS.
A. WT HeLa and HeLa FUS-KO cells were transiently transfected with a GFP-SFPQ expressing plasmid and subjected to laser microirradiation as described in Figure 3D . Curve graphs show fluorescence intensities of GFP-fusion proteins at the irradiated region that were quantified periodically, normalised and presented as mean ± SEM for 10 cells in each experiment. Experiments were performed in duplicate.
B. Representative images of WT HeLa and HeLa FUS-KO cells were transiently transfected with a GFP-SFPQ expressing plasmid and subjected to laser microirradiation. Left panels show cells at baseline (before laser microirradiation). Middle panels show cells at the peak of recruitment (80 s after irradiation). Right panels show cells at the end of assessment (180 s after irradiation).
C. WT Hela cells were transiently transfected with a GFP-FUS expressing plasmid and incubated with either 2% 1,6 HD or 2% 2,5 HD for 30 minutes prior to laser microirradiation.
D. WT Hela cells were transiently transfected with a GFP-SFPQ expressing plasmid and treated as in B.
E. HeLa FUS-KO cells were transiently transfected with constructs expressing WT FUS or the indicated variants fused to mCherry and then subjected to laser microirradiation. Curve graphs show fluorescence intensities of mCherry-fusion proteins at the irradiated region as in A.
F. HeLa FUS-KO cells were transiently transfected with a plasmid expressing GFP-SFPQ or co-transfected with GFP SFPQ and with constructs expressing the indicated FUS-mCherry variants prior to laser microirradiation. Curve graphs show fluorescence intensities of GFP-SFPQ at the irradiated region as in A. Figure 6 . Liquid-liquid phase transition is required for effective DDR and γH2AX foci formation.
A. Representative confocal micrographs of HeLa that were treated with ETO alone or with ETO and 1,6 HD for 30 minutes prior to immunostaining for γH2AX (top three images), 53BP1 (middle three images)
and E. Western blot analysis of total extracts prepared from HeLa cells that were treated as in Panel A. Actin was used as a normaliser.
F. WT Hela cells were transiently transfected with GFP-KU80 expressing plasmids and then incubated with either 2% 1,6 HD or 2% 2,5 HD for 30 minutes prior to laser microirradiation as in Figure 5C /D. G. WT Hela cells were transiently transfected with GFP-NBS1 expressing plasmids and then incubated with either 2% 1,6 HD or 2% 2,5 HD for 30 minutes prior to laser microirradiation as in Figure 5C /D.
H. HeLa FUS-KO cells were transiently co-transfected with a plasmid expressing GFP-KU80 and with constructs expressing the indicated FUS-mCherry variants prior to laser microirradiation. Curve graphs show fluorescence intensities of GFP-SFPQ at the irradiated region.
